Although the trace element boron has yet to be recognized as an essential nutrient for humans, recent data from animal and human studies suggest that boron may be important for mineral metabolism and membrane function. To investigate further the functional role of boron, brain electrophysiology and cognitive performance were assessed in response to dietary manipulation of boron (l0.25 versus =3.25 mg boron/2000 kcal/day) in three studies with healthy older men and women. Within-subject designs were used to assess functional responses in all studies. Spectral analysis of electroencephalographic data showed effects of dietary boron in two of the three studies. When the low boron intake was compared to the high intake, there was a significant (p<0.05) increase in the proportion of low-frequency activity, and a decrease in the proportion of higher-frequency activity, an effect often observed in response to general malnutrition and heavy metal toxicity. Performance (e.g., response time) on various cognitive and psychomotor tasks also showed an effect of dietary boron. When contrasted with the high boron intake, low dietary boron resulted in significantly poorer performance (p<0.05) on tasks emphasizing manual dexterity (studies 11 and 111); eye-hand coordination (study 11); attention (all studies); perception (study 111); encoding and short-term memory (all studies); and long-term memory (study 1). Collectively, the data from these three studies indicate that boron may play a role in human brain function and cognitive performance, and provide additional evidence that boron is an essential nutrient for humans. -Environ Health Perspect 1 02(Suppl 7): 65-72 (1994) 
Introduction
Although the trace element boron has yet to be recognized as an essential nutrient for humans, data from several animal and human studies suggest that boron may play a role in cell membrane function, mineral and hormone metabolism, and enzyme reactions (1) . Among humans, average daily intake of dietary boron ranges between 1.7 and 7 mg (2), with fruits, nuts and vegetables being the major food sources (3) . Measures of brain electrophysiology and behavior have been shown to be This paper was presented at the International Symposium on Health Effects of Boron and Its Compounds held [16] [17] September 1992 at the University of California, Irvine, California.
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sensitive to nutritional inadequacy in both animals and humans (4) (5) (6) (7) (8) (9) (10) , and frequently have been used in the fields of toxicology and pharmacology to assess functional sequelae (11) (12) (13) . To investigate further the functional role of boron for humans, the electroencephalogram (EEG) and performance on a battery of cognitive and psychomotor tasks were assessed in response to dietary manipulation of boron in three independent studies with healthy older adults (14, 15 ). An overview of these studies and a summary of their findings are presented in this report.
Methods

Subjects
Study L Thirteen Caucasian postmenopausal women aged 50 to 78 years were recruited through regional and national advertising to participate in a sixmonth, live-in study of magnesium and boron nutrition. All subjects were in good health as determined by an extensive health history, biochemical analyses of blood and urine samples, chest x-ray, electrocardiogram (EKG), clinical examination, and psychological interview and testing. Subjects were not on estrogen replacement therapy and showed no signs of osteoporosis as determined by dual-photon absorptiometry. All but one subject were righthanded.
Studies II In the Tapping task, two-and four-key sequences were tapped on a computer keyboard as rapidly as possible for 30 sec; the number of complete sequences tapped was the performance measure. In the Pursuit task, a joystick-controlled cursor was used to track (i.e., follow) a computer-controlled cursor moving across the computer screen in a random or nonrandom (i.e., predictable) path; trials lasted 30 sec and percent-time-on-target (i.e., cursors within 2 mm of each other) was the performance measure. In the Search-Count task, a computer screen filled with letters of the alphabet was searched for the presence (search only) or number (search and count) of one or more target letters; accuracy and response time to press the appropriate key on the computer keyboard were the performance measures. In the Color-name Identification task, the name of a color (e.g., red) was presented on the computer screen in a consistent (i.e., red), neutral (e.g., white) or inconsistent (e.g., blue) color. The subject was instructed to identify either the name of the color or the color in which the name was presented, and in both cases to ignore the irrelevant stimulus dimension. Keys on the keyboard were covered with colored tape and subjects responded by pressing the key covered by the appropriate color; accuracy and time to respond were the performance measures. In the Time Estimation task, subjects estimated time intervals of 15, 30 , and 60 sec, twice each in counterbalanced order; direction and amount of error in estimates were the performance measures. In the Symbol-Digit task, symbols (e.g., -r -H l r-1 dL) were paired with the digits 0 to 9 at the top of the computer screen; and when one of the symbols was presented at the bottom of the screen, the corresponding digit was pressed on the computer keyboard; accuracy and response-time were the performance measures. In the Word Recognition task, 20 common words (e.g., chair) were presented for study one at a time for 1 sec each. This was followed 1 min later by a test phase using 40 wordsthe original 20 words randomly intermixed with 20 new words conceptually related to the original ones (e.g., table). Accuracy and time to respond "same" or "different" using the S and D keys on the keyboard were the performance measures.
As indicated in Table 1 by increasing sample size, data from the three subgroups of subjects in studies II and III (men, women on estrogen therapy, and women not on estrogen therapy) were combined for all analyses. This approach was deemed appropriate because preliminary analysis revealed no group differences in the direction of changes related to the dietary manipulation and post hoc examination of significant effects confirmed that group membership was not systematically related to study findings. All data manipulation and statistical contrasts were performed with release 5.18 of Statistical Analysis System software (SAS) (19) . In the presentation of results to follow, effects are described as significant when p<O.05.
Results Electroencephalogram
Studies I and II were similar in showing numerous effects of dietary boron on the EEG recorded while subjects were at rest. However, study III found no significant effects of boron intake on this physiologic measure of brain function.
Study L Although there were numerous effects of dietary magnesium on the EEG, the number of boron x magnesium interactions did not exceed chance nor did they involve the following main effects of dietary boron. When contrasted with the high boron intake, low dietary boron significantly increased delta (1-3 Hz) power in left parietal and left occipital regions under the eyes-open condition. These were the only significant effects of diet on absolute power. However, as shown in Figure 1 , low boron increased percent-total delta power in the frontal regions, while decreasing percent-total right frontal theta (4-7 Hz), percent-total right frontal alpha (8) (9) (10) (11) (12) , and percent-total left frontal beta (13) (14) (15) (16) (17) (18) Study II showed the greatest number of effects of dietary boron on the EEG parameters. Figure 2 presents significant findings from analysis of absolute power. When contrasted with the high boron intake, low dietary boron increased delta power in the left temporal and parietal regions (see study I), decreased alpha power across the head, decreased right frontal beta power, and decreased theta and beta power in the right parietal and right occipital regions. With the exception of the first finding, all effects were significant under both eyes-closed and eyes-open recording conditions. Figure 3 presents significant findings from analysis of percenttotal power. Low boron increased percenttotal delta power in the posterior regions (see study I), decreased percent-total alpha power across the head, and decreased percent-total theta and beta power in the parietal regions. Low boron also resulted in increased bias toward greater activity in the left than right hemisphere in the parietal region under the eyes-closed condition, and in the frontal and parietal regions under the eyes-open condition. In addition, low boron significantly decreased alpha reactivity in the right frontal and left occipital regions. Finally, as shown in Figure 4 , low boron increased coherence among several regions across the head in the delta frequencies, and decreased coherence in the theta, alpha, and beta frequencies among posterior regions, under both eyes-open and eyesclosed recording conditions.
Cognive and Psychomotor Performance
As shown in Table 1 , all three studies were consistent in showing an effect of dietary boron on performance of two tasks, Search-Count and Symbol-Digit. Performance on three other tasks, Tapping, Pursuit, and Color-name Identification, was affected by dietary boron in one or two, but not all three of the studies. There were no significant effects of boron intake on the performance of seven other tasks; however, six of these tasks were administered in only one study (study I). One additional task, Word Recognition, showed an effect of boron intake, but was administered only during one study (study I). Accuracy (i.e., error rate) was not significantly affected by boron intake in any of the three studies. Further, these performance measures showed no significant effects associated with magnesium intake or the boron x magnesium interaction in Pursuit tasks performed in all three studies. study I. When contrasted with the high boron Psychomotor. Table 2 shows the effects intake, low dietary boron resulted in fewer of boron intake on the Tapping and complete sequences tapped overall, and Attention. Table 3 shows the effects of boron intake on Search-Count response times. When contrasted with the high boron intake, low dietary boron resulted in increased response times during searchand-count in all three studies, and during search only in studies II and III.
Perception. Table 4 shows the effects of boron intake on Color-name Identification response times. When contrasted with the high boron intake, low dietary boron resulted in increased response times to identify color names, regardless of presentation color in study III; this effect was not statistically significant when the color name was inconsistent with the presentation color. There were no significant effects of dietary boron on Color-name performance in studies I or II, or on ability to estimate cued time intervals (Time Estimation) in any study.
Memory. Table 5 shows the effects of boron intake on Symbol-Digit and Word Recognition performance. When contrasted with the high boron intake, low dietary boron resulted in increased response times to encode and recall symbol-digit pairings in all three studies, and increased response times to recognize recently presented words in study I. There were no significant effects of dietary boron on error rates for either task in any study. Tasks administered only in study I to assess letter, shape, and cube recognition also showed no significant effects of dietary boron (Table 1 ).
Discussion and Conclusion
These studies provide converging evidence that relatively short periods (42-73 days) of restricted boron intake can affect brain function and cognitive performance in otherwise healthy older women and men. Two of the three studies described here showed an effect of dietary boron on EEG parameters. The most consistent EEG finding, based on the derived measure of percenttotal power, was that low boron intake resulted in a shift toward more activity in the lower frequencies and less activity in the higher, dominant frequencies of the EEG spectrum. This is a particularly important finding, considering that the same effect is often observed in response to nonspecific malnutrition (20, 21) and heavy metal toxicity (12, 22, 23) . Increased low-frequency activity is typical of states of reduced behavioral activation (i.e., drowsiness) and mental alertness (24) , and has been associated with poorer performance on vigilance and psychomotor tasks (25, 26) . In addition, decreased higher frequency activity (e.g., a) has been related to impaired memory performance under some conditions (27) . Interestingly, a highly similar effect of dietary boron on percent-total power was also observed in the electrocorticograms of mature (200 days) rats fed 0 versus 3 pg/g boron for 75 days (28) .
Several other effects of boron intake on EEG parameters were observed which merit further investigation. Coherence was Environmental Health Perspectives apparently altered by dietary boron in two studies, but there were some inconsistencies between studies in the location and direction of these effects. Nevertheless, because coherence reflects the degree of physical and functional connectivity between two cortical regions (29) , dietinduced changes in coherence would be of great importance. Further, one study showed dietary boron effects on hemisphere asymmetries, alpha reactivity to stimulation (eye opening), and total activity across the frequency spectrum (1-18 Hz). Failure to replicate these effects in the other two studies suggests that these may be weak effects dependent upon the presence of additional, unknown stressors. Dietary copper may have been a factor in the shift from higher-to lower-frequency activity, discussed above, which was observed in the first two, but not the third boron study. The basal diet contained a more abundant amount of copper in the third study. Perhaps the effect of boron on some EEG parameters is dependent on marginal copper intake or status (1).
Behaviorally, low boron intake apparently results in poorer performance on tasks which emphasize psychomotor skills and the cognitive processes of attention, perception, and memory. In the present series of studies, Search-Count, a measure of attention, and Symbol Digit, a measure of encoding skills and short-term memory, consistently showed effects of dietary boron on response times. However, not all tasks administered showed an effect of dietary boron in all studies. Performance on Tapping, an extremely simple task measuring manual dexterity and fatigue, was impaired by low boron intake in two of three studies. Pursuit, a measure of eye-hand coordination and tracking skills, was impaired by low boron intake in only one study. Low dietary boron increased response times during some conditions of the Color-name Identification task in one study, but not in two others. Low dietary boron also increased response times during a word recognition task, but only in one study. And, of course, performance on several tasks showed no reliable relationship to boron intake (Table 1 ). Low dietary boron was fed for only 42 days in study I, whereas low boron was fed for 63 days in studies II and III. Perhaps the shorter duration dietary periods were the reason that only 3 of 13 tasks were significantly related to boron intake in study I. Similar to the EEG measures of brain function, the effect of boron on cognitive and psychomotor performance in most instances may also depend on the presence of one or more additional stressors. However, performance on two tasks, Search-Count and Symbol-Digit, was affected by boron intake in all three studies, which suggests a robust effect of dietary boron on the cognitive processes of attention and memory.
Collectively, the brain electrophysiological and behavioral effects of reduced boron intake on the brain are complementary. Determination of which EEG parameters are reliably sensitive to boron intake and status awaits future study, but measures of the relative activity among frequencies seem to hold the most promise. Future studies must also determine precisely which cognitive processes and psychomotor skills are involved when performance is affected by dietary boron. To understand better boron's relevance to both types of function, future studies must also address the potential importance of additional stressors, dietary and otherwise, which might interact with boron. With this knowledge, a meaningful connection can be made between boron-related changes in brain electrophysiology and those in behavior. In conclusion, the data reviewed in this presentation make a strong case that further study of the effect of boron on brain and behavior is necessary for a complete characterization of the role of boron in human health and function, and may help to determine whether boron is an essential nutrient for humans.
